T
he mitotic spindle is an impressive cellular machine, responsible for distributing each set of the duplicated genome into daughter cells. Microtubules, the major component of the spindle, are constantly recycled by two turnover mechanisms: dynamic instability of microtubule plus ends and treadmilling, or flux of tubulin dimers toward the pole. Thus, the critical function of chromosome segregation is based on an intrinsically metastable structure. A nonmicrotubule ''spindle matrix'' that provides a scaffold for microtubules and͞or motors has long been hypothesized. Recent findings have revived the quest for the elusive matrix, and the Saccharomyces cerevisiae gene FIN1 (1) is the latest entry in this small but provocative field.
Chromosome alignment and accurate segregation is no small feat. Duplicated chromosomes attach to microtubules from each spindle pole of the mitotic spindle. Attachment is mediated through kinetochores, a specialized protein complex built at the centromere of eukaryotic chromosomes. Alignment along the metaphase plate occurs through a complicated dance that is no less impressive then the mating rituals of many animals. Microtubulebased motors play key roles in chromosome alignment (2) . Motor proteins act at sister kinetochores to ''capture'' microtubules and align the sister chromatids to opposite poles of the spindle. Sister chromatids move in a coordinated manner; poleward movement of one sister is accompanied by the other sister moving away from its pole (3). The mechanism behind this coordinated movement is poorly understood; however, it is thought to be based on a physical linkage between sister kinetochores. When force is exerted on one sister kinetochore, the motility state of the other sister switches to the direction of the pull, or tension. Underlying the complexity of motor proteinmicrotubule interactions are the spindle microtubules themselves. The microtubules are dynamically growing and shortening, and individual tubulin dimers within the microtubule polymer are constantly migrating toward the pole. This phenomenon, known as treadmilling or flux, reveals the inherent metastable state of the mitotic spindle. Microtubules can also generate a pushing force against chromosome arms, denoted microtubule ''polar winds'' (4). Motor proteins contribute to the polar winds and to the fidelity of chromosome distribution by pushing chromosomes that initially associate with one pole (mono-orientation) toward the other pole.
The budding yeast, a single cell eukaryote, exhibits a ''closed'' mitosis. The mitotic spindle is nucleated from spindle pole bodies embedded in the nuclear envelope (Fig. 1) . The spindle is completely contained within the nucleus, which does not break down throughout the cell cycle. The haploid spindle contains Ϸ8 polar microtubules (pole-to-pole) and 32 kinetochore microtubules (pole-tochromosome), one for each chromatid. Although chromosomes are not visible by differential interference contrast microscopy, the development of green fluorescent protein (GFP) markers at specific sites in the chromosome relative to the kinetochore has allowed visualization of novel features of chromosome structure and behavior throughout the cell cycle (5) . Before anaphase, sister centromeres are separated toward opposite poles (Fig. 2) . This separation is important for the maintenance of bipolar chromosome attachment and the functional processes of properly segregating the duplicated genome (5) (6) (7) (8) . Similar stretching in centromere chromatin has been observed in human tissue culture cells (9) and diatoms (10) . Kinetochore stretching depends upon microtubule binding and is indicative of tension across the separated centromeres. Tension is required to stabilize the kinetochore microtubule attachment in, for example, meiotic grasshopper spermatocytes (11) and regulates the direction of chromosome motility (3, 12, 13) . The separated sister centromeres oscillate relative to the spindle pole body, in a dynamic sequence exemplified by poleward (P) and away-from-the-pole (AP) movement of vertebrate kinetochores in tissue cells (3) . The distance between sister centromeres is also dynamic, albeit reassociation of separated centromeres is infrequent. Yeast centromeres align in a metaphase conformation and, upon anaphase onset, move to the spindle pole (5). The preanaphase and anaphase motility properties of yeast kinetochores are remarkably comparable to motility properties of vertebrate cell kinetochores. Thus the underlying mechanisms and complexity of chroSee companion article on page 5390. *E-mail: kerrybloom@unc.edu. mosome segregation in vertebrate cells are likely to be conserved in yeast. The current models, based on a balance of antagonistically acting mitotic motors, kinetochores that can sense their position and direction of force, dynamic microtubules, and polar winds, have the daunting task of explaining how forces are generated on slippery tracks. None of the extant models are completely satisfactory in explaining the diversity of mitotic mechanisms in nature.
An alternative hypothesis invokes the existence of a matrix within or around the mitotic spindle. The evidence for such a matrix includes the identification of spindle microfilaments (14) , the shortening response of ''cut'' spindles (15), the static behavior of a mitotic kinesin (16) , and has been the subject of several recent reviews (17, 18) . The foundation for this model derives from basic principles of biological structures. The challenge is to understand the dynamic mitotic spindle, independent of scale, built solely with noncompliant structural elements (microtubules). Most biological structures contain tension and compression members, and conserve material relative to volume, issues that are of paramount importance in architectural circles. The architectural beauty of geodesic domes reveals an inherently stable design, spanning unlimited distances with no interior supports and an unprecedented strength-to-weight ratio. The geodesic structure of viruses exemplifies the fact that nature has long since made this discovery. What accounts for the economical elegance in design? Buckminster Fuller coined the term ''tensegrity,'' a contraction joining the words tension and integrity. ''Tensegrity describes a structural-relationship principle in which structural shape is guaranteed by the continuous, tensional behaviors of the system and not by the discontinuous exclusively local compressional member behaviors.'' Tensegrity structures maximize the use of tensile materials. The tensile members are continuous, whereas the compression members are discontinuous. The structure is based on rigid struts floating in a sea of tension (19) . Is the spindle a geodesic structure? When compression-resisting microtubules of the spindle are severed, the half spindle rapidly shortens, and unbroken microtubules bow outward (15) . If compression members of the structure resist tension, removal by cutting results in increased compression on the spindle, resulting in the shortening or bowing of the remaining compression members. The tensegrity feature of the putative spindle matrix predicts that tension elements provide the anchor for motor proteins to translocate chromosomes along rigid microtubule struts.
A nonmicrotubule foundation in the spindle would have a profound influence on understanding the mechanisms of chromosome movement. In the latest chapter of the spindle matrix, a new player, FIN1 (1), has been found in an unsuspecting organism. Within the yeast nucleus lies a newly discovered filament, based on the Fin1p protein. FIN1 was discovered by virtue of its interaction with a 14-3-3 protein, Bmh2p. Fin1p is present throughout the nucleus of small budded cells in a diffuse pattern. In large budded cells, Fin1p-GFP forms linear arrays that extend from the spindle poles and that span the pole-to-pole distance from mother to daughter cell. These arrays form in apparent concert with spindle assembly and remain until spindle disassembly, at which time the Fin1p arrays disassemble to their diffuse nuclear position. Most remarkable is the ability of Fin1p to assemble into filamentous structures in vitro. Fin1p-6XHis isolated from yeast forms a 10-nm filamentous structure, as determined by both electron and atomic force microscopy. Thus, the streamlined mitotic spindle in budding yeast belies an underlying filamentous structure.
Is Fin1p the founding member of the spindle matrix? Fin1p is certainly not the first candidate. Skeletor, a matrix candidate identified in Drosophila, assembles into a spindle-like form before spindle assembly (20) . Skeletor does not require microtubules to form or to maintain its fusiform structure. Likewise, Fin1p does not require microtubules to assemble filaments in vitro. However, it is not known whether Fin1p assembly in vivo requires microtubules. Both Fin1p and Skeletor are novel proteins, without any distinctive features indicative of their biologic function. Furthermore, there is no functional evidence that either of these proteins contributes to mitosis or the fidelity of chromosome segregation. FIN1 is not essential for growth. The community anxiously awaits a more detailed analysis of the phenotype, particularly with respect to chromosome dynamics (see above) and the fidelity of chromosome segregation.
What would constitute definitive evidence for the spindle matrix? The localization of Fin1p and Skeletor are suggestive but certainly not definitive. An elegant study from Kapoor and Mitchison provides recent functional evidence for a spindle matrix (16, 18) . These investigators took advantage of fluorescent imaging methods to establish differential behavior of a microtubule-based motor protein, Eg5, relative to spindle microtubules. Fluorescent speckle microscopy is a visual assay for protein dynamics in live cells (ref. 21 ; Fig. 3 ). Fluorescent speckles in microtubules, for example, are produced by limited expression of labeled tubulin (e.g., Ͻ5% Tub1-GFP of total tubulin) in the cell. Speckles represent the stochastic incorporation of fluorescent tubulin relative to the majority of unlabeled tubulin. The speckles serve as fiducial marks, allowing one to determine the sites of tubulin incorporation relative to the microtubule plus or minus end. For vertebrate cell mitotic spindles, this technology revealed that tubulin speckles move continuously poleward by f lux (21). Kapoor and Mitchison used this method to examine the dynamics of Eg5 in Xenopus extract meiotic spindles (16) . They discovered that Eg5 is relatively static, whereas microtubules flux poleward. The data are consistent with the hypothesis that a nonmicrotubule matrix tethers Eg5 differentially from the ''slippery microtubule tracks.'' Fluorescent speckle microscopy has recently been applied to yeast microtubules. Low-level expression of Tub1-GFP results in speckled cytoplasmic and spindle microtubules, revealing that astral and spindle microtubules grow and shorten from their plus-ends (ref. 22 ; Fig. 3 ). There is no evidence for poleward movement of tubulin dimers in yeast. However, the ability to (24, 25) . Ribosomal RNA metabolism is of particular interest in light of recent findings that proteins regulating mitotic exit are sequestered in the nucleolus (26) . The mitotic exit network (MEN) regulates mitotic exit and the timing of spindle disassembly with respect to spindle position. Although many of the components of the MEN have been identified, less is known about the signals from a properly positioned spindle to the release of proteins from the nucleolus. Fin1p localization to the spindle poles and spindle could contribute to the signaling pathway of mitotic exit. Interestingly, the Fin1p filament elongation begins at about 12 min and filament disassembly occurs at 81 min in van Hemert et al. (1) . If Fin1p filaments mirror the timing of mitotic spindle elongation and disassembly, the 69 min of elongation are greatly exaggerated relative to wild-type. The delayed kinetics of spindle elongation͞disassembly may be preliminary indications of a mitotic exit defect in cells expressing Fin1p-GFP.
The interaction with Glc7p also provides an interesting clue to Fin1p's cellular role. Glc7p has many cellular functions, one of which is to regulate the phosphorylation state of kinetochore proteins (24, 25) . The other Fin1p interacting protein, Fir1p, interacts with the kinetochore protein Spc24p (27) . Spc24p is part of the Ndc80 kinetochore complex in yeast. The Ndc80 complex interacts with microtubules (27) , providing a potential link between Fin1p, kinetochores, and microtubules. Unfortunately, as the molecular linkage between kinetochores and microtubules remains a mystery, the significance of these interactions is unclear. That yeast kinetochores attach to a single microtubule seems particularly precarious. The Fin1p filaments may function to back-up the microtubule cytoskeleton in instances of kinetochore detachment. In this regard, it is interesting that yeast kinetochores cluster into a rosette around the spindle pole (28) , and these rosettes can be visualized in live cells with the pan-centromere histone, Cse4-GFP (ref. 5; Fig. 2 ). Centromeric clustering depends on essential kinetochore proteins (Ndc10p) and microtubules (28) ; however, the significance of this biological structure remains elusive. From an architectural viewpoint, centromere clustering in yeast may release the dependency of kinetochore attachment on a single microtubule. Whether Fin1p promotes centromere clustering, or provides anchors for motors within the spindle as the proposed spindle matrix are questions for future studies. The description of this novel filamentous structure coincident with the mitotic spindle fuels speculation regarding the spindle matrix and should foster discussions and experiments to test the validity of cellular tensegrity. 
